The majority of common bean plants are cultivated under drought conditions. Maintaining crop yields under drought stress is thus one of the biggest challenges facing bean production. In order to improve our understanding of the complex mechanisms involved in the response of common bean (Phaseolus vulgaris) to drought stress, a proteomic approach was used to identify drought-responsive proteins in leaves of two cultivars differing in their response to drought, more sensitive Starozagorski čern and Tiber. 2D-DIGE was used to compare differences in protein abundance between control and stressed plants. Fifty-eight proteins whose abundance changed significantly were identified by LC-MS/MS in Tiber and 64 in Starozagorski čern. The majority of identified proteins were classified into functional categories that include energy metabolism, photosynthesis, ATP interconversion, protein synthesis and proteolysis, stress and defence related proteins. Details of the function of the identified proteins and their abundance profiles in Tiber and Starozagorski are discussed. Interactions between identified proteins were demonstrated by bioinformatics analysis, enabling a more complete insight into biological pathways and molecular functions affected by drought stress. The results form the basis for a further understanding of the biochemical mechanisms of drought response in common bean.
Introduction
Drought stress is one of the main abiotic stresses limiting agricultural production of many important crops such as legumes, including common bean (Phaseolus vulgaris L.). Sixty per cent of the world's common bean grows under rain fed conditions, and drought causes yield losses up to 80% in some regions [1] . The response of common bean to drought has not been widely studied, so an improved understanding of drought stress response mechanisms could help in developing drought resistant lines, consequently contributing to high productivity of this important food legume [2] . The complex drought stress response in plants comprises several pathways, starting from stress perception and ending with changes in expression of specific genes, changes in composition of plant transcriptome, proteome and metabolome that result in the adjustment of metabolism and the generation of regulatory networks involved in protecting cells from the damaging effects of the stress [3] . Identifying genes responsible for drought resistance is necessary for understanding the molecular basis for regulation of the response to water deficit. Only a few studies of the common bean response to drought stress on the genetic level have been reported. Gene expression at the transcript level enabled drought-responsive genes in roots of common bean to be identified [4] . Kavar et al. [5] reported a similar study on leaves, where expression of 15 transcripts was changed significantly, mainly of those with functions in cellular and carbohydrate metabolism, transcription, stress protection and photosynthesis. It is well known that specific transcription factors play essential roles in the drought stress response [6] . Rodriguez-Uribe and O'Connell [7] identified a water deficit responsive bZIP transcription factor in tepary bean (Phaseolus acutifolius) and in common bean. Comparative transcript profiling of roots revealed that 64 identified drought responsive genes in common bean were grouped mainly in the functional class of stress responsive genes, while 488 identified genes in tepary bean were unannotated [8] . Cruz de Carvalho et al. [9] reported the upregulation of an aspartic protease precursor gene in leaves under drought. Furthermore, it was shown that water stress regulates the activity of an aspartic acid protease precursor at both the transcriptional and post-transcriptional levels. This response occurs earlier and more strongly in the drought-susceptible cultivar [10] . A study of expressed sequence tags provided full length cDNA libraries, enabling P. vulgaris genes related to response to drought to be identified [11] . These EST tags should be useful for functional gene annotation, analysis of splice site variations, intron/exon determination and evaluation of gene homology. Besides studies of drought stress at the gene level, proteomic studies are necessary for revealing the role of proteins in the complex mechanisms of stress response in plants. Several proteomic studies of the drought response in various plant species have recently been reviewed [3] . In legumes, the effect of drought stress on protein expression has been studied, not only in model legumes such as soybean [12, 13] and Medicago truncatula [14, 15] , but also in peanut [16] , chickpea [17] and forage legumes [18] . Changes of protein level in soybean roots subjected to short term drought were analyzed by Alam et al. [13] . Significant variation of the abundance of 45 protein spots was detected. Of these, 21 proteins were decreased and 5 proteins increased in abundance, while dehydrin and ferritin were detected only under drought conditions. In a study of soybean roots, performed by Yamaguchi et al. [12] , two regions of primary roots were analyzed. Several proteins that increased in abundance in drought-stressed roots were related to protection from oxidative damage. Ferritin, which contributes to the reduction of highly reactive free iron and the formation of toxic hydroxyl radicals in soybean primary roots, was reported in higher abundance. The Rhizobium-legume symbioses have also been studied and examined under drought conditions in Medicago truncatula, where a significant reduction of symbiotic nitrogen fixation under drought was noted [14] . Moreover, a later study revealed the absence of correlation between the reduction of nitrogen fixation and various enzymes related to N assimilation, suggesting that reduction of symbiotic nitrogen fixation under drought is caused by impairment of bacteroid metabolism and N2 fixation, rather than by limitation of respiratory substrate [15] . However, compared to roots, only a few proteomic studies have been performed on the green tissues of drought stressed legumes. Analysis of the nuclear proteome from chickpea (Cicer arietinum L.) seedlings under dehydration revealed 205 differentially regulated proteins, while 147 identified proteins were involved in gene transcription and replication, molecular chaperones, cell signalling and chromatin remodelling [17] . Kottapalli et al. [16] analyzed the leaf proteome in three contrasting peanut genotypes subjected to drought stress, and a theoretical model of water stress tolerance in peanuts was developed.
The aim of the present study was to determine changes in the leaf proteome of common bean during drought stress. Two cultivars, previously shown to differ in their response to drought [19] , were selected for the analysis. 2D-DIGE and LC/MS-MS were used to identify those proteins that exhibited changed abundance under drought stress. Their functions in drought stress mechanisms and the abundance patterns exhibited by the two cultivars are discussed.
Materials and methods

Plant material and growth conditions
Two cultivars of Phaseolus vulgaris L. (cv. Tiber from Clause Semences, France and cv. Starozagorski čern from Semenarna Ljubljana, Slovenia) were studied. The experiment was conducted in a greenhouse under natural light, temperature and moisture conditions, from the end of March till the middle of May 2010. Three seeds were sown in each of 14 cm pots containing a mixture of fertilized substrate (Klasmann, Germany) and vermiculite (1:1, v/v). Ten days after germination, seedlings were thinned to one plant per pot. Plants were regularly irrigated with tap water. Drought conditions were initiated 5 weeks after sowing. Half the plants were not watered and the rest irrigated regularly. The relative water content (RWC) of plants was measured on days 7, 12 and 17 after the beginning of water withdrawal. Plants for proteome analysis were harvested on days 12 and 17. To assess the ability of plants to recover from stress, the remaining stressed plants were re-watered and grown under controlled conditions for an additional seven days. Both stressed and control plants were collected at each harvesting step, in order to ensure the same developmental stage for comparative determinations of plant water status and for proteomic analysis. There were 5 replicates of drought-stressed plants and control plants for each of treatments.
The third trifoliate leaves were harvested, frozen immediately in liquid nitrogen and stored at -80°C until further analysis. The hydration state of leaves was defined by their RWC. Leaves for RWC were weighed immediately to determine fresh weight (FW), then placed in a petri dish to regain full turgor and weighed for turgid weight (TW). Leaves were then dried in an oven at 70°C to constant weight and their dry weight (DW) determined. The RWC was calculated according to the formula: RWC (%) = [(FW−DW)/(TW− DW)] × 100. Each plant was treated individually as a single replicate for the RWC calculation. The soil water content (SWC) was determined at each harvesting step. The following equation was used: SWC (%) = [(FW−DW)/DW] × 100, where FW is the fresh weight of a soil portion. Soil was oven dried at 105°C for 24 hours to determine its dry weight (DW).
Preparation of protein extracts
Proteins were extracted from four biological replicates of each set of treated plants, giving a total of 16 samples for each cultivar. Leaves of common bean were ground to a fine powder in liquid nitrogen using a pestle and mortar [20] . The sample was transferred to a centrifuge tube and cold 10% TCA in acetone with 1% DTT was added. Samples were kept at -20°C for at least 2 hours, then centrifuged at 13000 g for 15 min at 4°C. The resulting pellet was washed three times by suspending in acetone containing 1% DTT and centrifuged at 13000 g for 15 min at 4°C between each wash. The pellet was air dried and resuspended in solubilisation buffer comprising 7 M urea, 2 M thiourea, 4% CHAPS and 30 mM Tris, adjusted to pH 8.5. The solution was vortexed intensively for 30 min, then centrifuged at 20°C for 15 min at 13000 g. The supernatant was collected and stored at -80°C for further analysis. For the estimation of protein concentrations, equal amounts of total protein extracts were loaded on a 4-12% Bis-Tris NuPAGE Novex gel (BioRad) and stained with Coomassie Blue R-250 (CBB R-250).
Fluorescence labelling of proteins and two-dimensional gel electrophoresis
Proteins were labelled with G-Dyes from the Refraction 2D labelling kit (Dyeagnostics) developed for fluorescence 2-D DIGE technology. Each sample was labelled with 400 pmol of G-Dyes, incubated on ice for 30 min in the dark, quenched with labelling stop solution and then incubated on ice for 10 min in the dark, according to the manufacturer's protocol. Eight control and eight drought stressed samples from each cultivar were labelled separately with either G-Dye 200 or G-Dye 300, and the internal standard (a mixture of 16 samples for a single cultivar), was labelled with G-Dye 100. G-Dye 100, G-Dye 200 and G-Dye 300 labelled samples were combined for each of eight gels for a single cultivar. Samples were mixed with rehydration buffer containing 7 M urea, 2 M thiourea, 4 % CHAPS, 0.5 % IPG buffer (GE Healthcare) and a trace amount of bromphenol blue to a volume of 450 µl for loading on a 24 cm Immobiline DryStrip (BioRad) gel with pH range 5-8. Proteins were separated in the first dimension using the Ettan IPGPhor II unit (GE Healthcare), starting with a low initial voltage of 200 V, then stepwise increases to 8,000 V for a total of about 80 kVh. Following isoelectric focusing, gel strips were equilibrated for 20 min in equilibration buffer containing 50 mM Tris-HCl, pH 8.8, 6 M urea, 30 % glycerol, 2 % SDS and 1 % DTT, followed by another 20 min equilibration in which 1% DTT in equilibration buffer was replaced by 5% iodoacetamide. In the second dimension, proteins were resolved on 12.5% SDS-PAGE using the Ettan DALT twelve system (GE Healthcare Biosciences) at 2.5W/gel for 45 min, then at 25W/gel, until the bromophenol blue line reached the bottom of gels. Finally, two sets of eight gels (each containing internal standard, stressed and corresponding control samples) with fluorescence labelled proteins from common bean cultivars resulted from 2D gel electrophoresis. Preparative gels were obtained in the same way as the analytical gels but with a higher protein load, in order to obtain adequate amounts of proteins from individual spots for identification. After electrophoretic separation, as described above, gels were stained in 50% methanol, 10% acetic acid and 0.1% CBB R-250 for one hour. The staining solution was removed and gels were destained for two hours in destaining solution consisting of 20% methanol and 7% acetic acid. Destained gels were rinsed in deionised water.
Gel imaging and data analysis
Gels were visualized using Ettan DIGE Imager (GE Healthcare) for scanning at corresponding wavelengths according to the manufacturer's instructions for the selected fluorescent dyes. Images were analyzed by Progenesis SameSpot version 4.1 (Nonlinear Dynamics) for spot detection, gel matching and statistical analysis of spots. An internal standard was a normalization reference for calibration of the data between different samples. The separate analysis for each cultivar included alignment of gels to a reference image, whereas gel matching was performed automatically and matches were checked and corrected manually. Normalized spot volumes were used to compare different treated samples statistically and to determine fold change values. These data were imported into the Unscrambler version 10.0.1 (CAMO), which was used for an additional statistical analysis of the data by principal component analysis (PCA) and for significance testing by partial least squares (PLS) regression analysis. The selection of protein spots of interest for analysis by MS was based on fold change >1.3, ANOVA (p < 0.05 and q < 0.05) from Progenesis SameSpot software, and significance testing by PLS using the Jack-knife uncertainty test.
Preparation of peptide samples
Preparative gels stained with CBB R-250 were compared with the DIGE gels in order to match and localize spots of interest on Coomassie stained gels. Protein spots that differed significantly in abundance between control and stressed samples were excised manually, using pipette tips, and subjected to in-gel trypsin digestion according to Shevchenko et al. [21] . Picked gel plugs were washed extensively with 50% (v/v) acetonitrile to remove dye and SDS impurities. Colourless gel plugs were totally dried out with 100% acetonitrile and then rehydrated with sequencing-grade modified trypsin (Promega, Madison, WI, USA) in 50mM ammonium bicarbonate. Samples were kept on ice for 30 min; the remaining solution was then removed and replaced by 50mM ammonium bicarbonate; digestion was carried out overnight at 37°C. Digested peptides were extracted with 5% formic acid in 100% acetonitrile (1:1 (v/v)) and supernatant was collected. Gel pieces were washed once again with the same solution and once with 100% acetonitrile. Supernatants were combined, dried down in a speed-vac bench-top centrifuge and resuspended in 0.1% formic acid. Extracted peptides were analyzed immediately by MS or frozen at -80°C.
MS analysis
LC-MS/MS analysis of tryptic digested peptides was performed with an Agilent 1200 nanoflow HPLC system consisting of binary pumps coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a nanoelectrospray ion source. Typically, 6 µl of sample was injected onto the extraction column (5 by 0.3 mm) filled with Zorbax 300 SB-C18 of 0.5 µm particle size (Agilent). Samples were washed with a mobile aqueous phase of 0.1% formic acid and 3% acetonitrile. The flow rate provided by the capillary pump was 4µl/min. After 7 min, the integrated switching valve was activated, and the peptides eluted in the back-flush mode from the extraction column onto a 150 × 0.075-mm C18 column (GlycproSIL C18-80Å, Glycpromass, Stove, Germany), with 3-μm resin. The mobile phase consisted of acetonitrile and MS grade water, both containing 0.1% formic acid. Chromatographic separation was achieved using a binary gradient from 5 to 55% acetonitrile in 60 min. The nanoflow pump flow rate was 0.2 μl/min. Mass spectra were acquired in the positive-ion mode by applying a data dependent automatic switch between the survey scan and tandem mass spectrum (MS/MS) acquisition. Peptide samples were analyzed by the high-energy collision dissociation (HCD) fragmentation method by acquiring one Orbitrap survey scan in the mass range from m/z 300 to 2000, followed by MS/MS of the three most intense ions in the Orbitrap. The target value in the LTQ-Orbitrap was 1,000,000 for a survey scan at a resolution of 30,000 at m/z 400 using lock masses for recalibration to improve the mass accuracy of precursor ions. Fragmentation in the C-trap was performed by collision-induced dissociation with a target value of 5,000 ions. The ion selection threshold was 500 counts.
Data analysis and database searching
Raw data files produced in Xcalibur software (Thermo Fisher Scientific, Bremen, Germany) were converted to *.mgf files using BioWorks 3.2 software. These files were submitted to MASCOT searches within the Matrix Science web server (www.matrixscience.com). Searches were performed using the NCBInr database with a taxonomy parameter set to green plants. For the database search, parameters such as one missed cleavage site by trypsin, an MS tolerance of 10 ppm and an MS/MS tolerance of 0.05 Da, peptide charge of 2+, 3+ and 4+, carbamidomethylation of cysteine and oxidation of methionine as fixed and variable modification were used. Expected cut off value was set to 0.05 for removing low scoring matches. The MASCOT score, number of peptide matches, sequence coverage, pI, and molecular weight were used to evaluate the database search results. The MS/MS spectra from all protein spots, with special attention to those proteins whose identification was based on one or two peptide sequences, were inspected manually. In addition, primary database searching was confirmed with "Plant_EST" database queries, with parameters set as before. Sequences of proteins identified as unknown, hypothetical or proteins with an uncharacterized function were used as queries for searching their homologues with BLASTP algorithm (www.ncbi.nlm.nih.gov/BLAST).
Bioinformatic analysis
The function of the identified proteins was elucidated by using the gene index accompanied Uniprot accession number as input for the Uniprot database (http://www. uniprot.org). To better understand functions and interactions of identified proteins, a protein-protein interaction network (PPI) was predicted. Since protein identification was based upon different organisms listed in the NCBI Viridiplantae database, all identified proteins were blasted against the Arabidopsis thaliana TAIR10 (The Arabidopsis Information Resource) protein database (http://www.arabidopsis.org/) with the intention of obtaining annotated protein entries for PPI tools. Results with the highest score and lowest E value were considered as relevant for each identified protein (Supplementary Table 1 ). A PPI was constructed with the online analysis tool STRING 9.0 [22] . Biological processes and molecular functions were predicted by BiNGO 2.44 [23] , a plugin for Cytoscape. A hypergeometric test with Benjamini and Hochberg correction, p-value of 0.001 and Arabidopsis thaliana taxonomy were selected for search parameters.
Results
Two cultivars of common bean were included in the leaf proteome analysis. Leaves of plants in two stages of drought stress were studied, 12 days and 17 days after the withdrawal of water. These points were chosen on the basis of relative changes of leaf RWC. After 12 days without watering, RWC in the third trifoliate leaves dropped to 70.4±3.6 % for Starozagorski and 75.6±4.3 % for Tiber cultivar. After 17 days following withdrawal of water, leaf RWC was 44.8±8.2 % for Starozagorski and 45.0±3.5 % for Tiber. RWC in leaves of well-watered plants changed little during the treatment period for both cultivars (above 80 % during all stages). In addition, the SWC was measured at these two time points and was between 25.5±1.6 % (Starozagorski) and 29.6±4.8 % (Tiber) at day 12, reaching 17.5±1.2 % for Starozagorski and 18.3±0.7 % for Tiber at day 17. Control plants were irrigated to maximum retention capacity. The remaining stressed plants were re-watered after 17 days of water deficit. Under growth conditions in the greenhouse these plants regained the RWC of control plants, showing that the chosen duration of drought stress did not bring plants to the point where they were unable to overcome the stress upon re-watering.
Analysis of proteins by 2D-DIGE and protein identification
To determine the proteins whose abundance changed during drought stress, a proteomic study using 2D-DIGE followed by LC-MS/MS was performed. Based on the preliminary separation of leaf protein extract by 2D-PAGE in the 3-10 pH range, it was observed that only a small number of protein spots were located in the highly acidic and basic area (data not shown). For this reason, a pH range of 5 to 8 was selected for further experiments. 2D-DIGE analysis of leaf protein extracts was performed with 4 biological replicates for the two treatments in each cultivar. A total of 543 protein spots were matched across all the gels in the proteomic analysis of cultivar Starozagorski and 400 spots in the case of Tiber. The number of spots matched between cultivars differs due to separate labelling and electrophoretic separation for the two cultivars. One gel was excluded from the analysis in Tiber, due to contamination of the strip. All matched protein spots across the gels were included in the PCA testing to identify sample outliers and to group samples from different stages of treatment for each cultivar (Fig.  1 ). PCA distinguishes well-watered plants from drought stressed plants in both cultivars, with one mis-grouped control sample in the analysis of Starozagorski and Tiber. Component 1 explains 32% (Tiber) and 38% (Starozagorski) of the total variation and component 2 explains 17% and 11% of the variation. Sixty eight protein spots changed significantly in abundance between stressed and control plants in Starozagorski and 62 were determined for cultivar Tiber. All these spots could also be localized and excised from the preparative gels ( Fig. 2 ). Of the 68 protein spots, 36 were more abundant and 32 less abundant in drought-stressed plants than in control plants in Starozagorski. Of the identified proteins in Tiber, 42 spots were more abundant and 20 less abundant. A total of 58 proteins were successfully identified in Tiber and 64 in Starozagorski. Eight protein spots were not identified, due to their very low abundance and hence the inability to extract them successfully from the preparative gels, or to lack of sequence similarity in the database. To investigate the influence of different stages of drought stress on the leaf proteome, protein abundance profiles of plants at days 12 and 17 were compared. The main differences in normalized volumes of protein spots between drought stressed and control were observed in samples taken at day 17. Samples subjected to drought for 12 days also differed from control samples but to a lesser extent (data not shown), indicating an early influence of drought on the leaf proteome. Only significant changes in abundance of proteins between untreated and drought-treated samples were considered in our study. . Plants were harvested on days 12 and 17 after the beginning of withholding water. S1, S2, S3 and S4 represent the stressed plants corresponding to the 4 biological replicates. C1, C2, C3 and C4 refer to control plants, representing 4 biological replicates. Clustering of droughtstressed and control samples is evident. One sample from Tiber and the corresponding control sample were excluded from the analysis.
Functional distribution of identified proteins
In order to determine which types of proteins are involved in the drought stress response, the identified proteins were categorized into seven major groups based on their putative biological functions (Table 1 ). Fig. 3 shows the functional classification of the identified proteins. The majority are classified into the categories of photosynthesis and energy metabolism, while approximately one third are categorized into groups such as ATP interconversion, protein synthesis, proteolysis, folding, defence and stress-related proteins. These protein groups are common to both cultivars while, in Starozagorski, three proteins were classified into two additional categories, secondary metabolism and signal transduction. The proteins for which no known function could be assigned accounted for 19% of the identified proteins in Tiber and 25% in Starozagorski. Protein sequences of proteins with unknown function were searched for their homologues ( Table 2 ). In Tiber, functional information was obtained for all protein homologues while, in Starozagorski, no information about biological function was available for five unknown proteins. Protein homologues could be classified into the above mentioned protein groups. Details about the function of identified proteins and their abundance profiles in Tiber and Starozagorski are discussed later. Table 1 -Proteins in common bean leaves with changed abundance following drought stress. 
Protein-protein interaction analysis of identified proteins
Identified proteins were grouped into functional classes according to the biological processes in which they are involved. STRING and BiNGO, which offer an upgrade of the functional analysis, were used to visualize the protein-protein interaction, biological pathways and molecular functions.
The protein interaction network generated with STRING revealed the functional links between different proteins. In Tiber, two major clusters of interacting proteins are highlighted with circles as marked on Fig. 4 proteins involved in photosynthesis and those involved in energy metabolism. Fructose-biphosphate aldolase (AT4G38970) is the central core protein of the interacting network, due to its interactions with many other proteins involved in photosynthesis and energy metabolism. To obtain statistically over-or under-represented categories of biological pathways and molecular functions related to drought stress, BiNGO was used to analyze identified proteins ( Fig. 5) . A complete list of the enriched Gene Ontology (GO) biological pathway and molecular function terms for the proteins is presented in Supplementary Table 2 . One of the most significantly overrepresented biological pathways in Tiber includes the response to abiotic stimulus (p=2.90e-13). Two other major groups can be observedregulation of protein metabolic processes and regulation of photosynthesis. The most highly enriched molecular functions are copper ion binding (p= 9.82e-08), catalytic activity (p= 1.07E-05) and antioxidant activity (p= 4.01E-05). A similar interaction network was built for Starozagorski ( Supplementary  Fig. 1 ). Fig. 4 -Analysis of a functional network by STRING 9.0 (http://string-db.org). PPI is presented for the tolerant cultivar Tiber. Arabidopsis thaliana and confidence level of 0.4 were used for analysis parameters. Different line colours represent the types of evidence used in predicting the associations: gene fusion (red), neighbourhood (green), co-occurrence across genomes (blue), co-expression (black), experimental (purple), association in curated databases (light blue) or co-mentioned in PubMed abstracts (yellow). Two clusters of highly interacting protein nodes are marked with circles and include proteins involved in photosynthesis and energy metabolism. Starozagorski, a similar hierarchy of GO categories with the addition of pathways for secondary metabolism was obtained ( Supplementary Fig. 1 ).
Discussion
Proteins whose abundance changes during drought stress in the leaves of common bean have been identified, using a proteomic approach. Cultivars Tiber and Starozagorski were chosen on the basis of the previous study of Hieng et al. [19] , where it was shown that they differ at the levels of water potential and water content of leaves under drought conditions and of the integrity of their cellular membranes following osmotic stress. Based on these indicators it was concluded that Tiber was more tolerant to drought than Starozagorski. That study was carried out in a growth chamber under controlled conditions and was confirmed in the greenhouse. Our study was conducted only in the greenhouse in a different period of the year. RWC was used as a key indicator of the degree of cell and tissue hydration, which is crucial for optimum physiological functioning and growth processes. No significant differences in RWC between Tiber and Starozagorski were observed at any stage of water deficit. This could be explained by the growth conditions that differed from those used by Hieng et al. [19] . RWC was used as the basis for determining appropriate sampling times. Although at the end of our experiment plants were visibly stressed, they were able to revive on rehydration. Identification of proteins whose abundances differed in stressed and control plants has revealed groups of proteins that differ with respect to their roles in response to drought conditions. About one third of the identified proteins were detected in multiple spots with different pIs or molecular masses, implying the existence of isoforms and posttranslational modification. The putative implications for identified proteins in drought stress are discussed below. The network clusters obtained can provide a broader insight into the different roles of identified proteins. These proteins are included in a wide range of biological pathways that are involved, either directly or indirectly, in plant protection.
Proteins involved in photosynthesis
A large proportion of the proteins whose abundance changed significantly under drought are associated with photosynthesis. Rubisco appeared in multiple spots differing in pI and Mr, as has been observed in other species under drought [24, 25] . The presence of the same protein in different spots could indicate greater rates of protein degradation, as suggested by Hajheidari et al. [24] . Luo et al. [26] showed that Rubisco large subunit can be cleaved by reactive oxygen species (ROS) generated at the metal-binding site. In addition to Rubisco, phosphoribulokinase is also involved in the Calvin cycle. In our study, it was found to decrease in abundance under drought and, together with the reduced abundance of Rubisco, it suggests that the efficiency of C0 2 fixation is decreased under drought stress. Besides the identification of Rubisco large subunit fragments and Rubisco small subunitwhich had lower abundances under drought in both cultivars -Rubisco subunitbinding protein beta subunit was identified only in Tiber. Oxygen evolving enhancer proteins were identified among the proteins that exhibited changes in abundance profile and showed contrasting patterns between cultivars. In Tiber, their abundance was increased and, in Starozagorski, reduced. Both oxygen evolving enhancer proteins 1 and 2 (OEE1 and OEE2) belong to the oxygen-evolving complex in photosystem II. OEE2 is responsible for catalysing the splitting of water and OEE1 is a manganese-stabilizing protein required for PSII core assembly/stability [27, 28] . Gazanchian et al. [29] have reported increased expression levels of OEE2 in response to severe drought stress on wheatgrass, concluding its requirement for repairing protein damage caused by dissociation and for retaining the formation of oxygen. In contrast, a few reports have shown decreased abundance of OEE proteins during salt stress in potato [30] and wheat [31] . Another protein involved in photosynthesis is carbonic anhydrase. This protein is involved in CO 2 fixation [32] and was identified in both cultivars. In Tiber, it showed increased and reduced abundance during stress while, in Starozagorski, abundance upon stress was reduced. As evidenced in our study, the same carbonic anhydrase identified in different spots could be related to the presence of different isoforms, indicating that carbonic anhydrase isoforms may have complex overlapping roles during drought stress. The abundance of chlorophyll a/b binding proteins, as important components of the light harvesting complex [33] , increased under drought in Tiber but was reduced in Starozagorski. Expression of genes for the lightharvesting chlorophyll a/b-binding proteins was reported to be downregulated by oxidative stress [34] . Decreased abundance of ferredoxin NADP-reductase was detected only in Starozagorski. In the study on Arabidopsis thaliana the overall expression level of genes encoding this enzyme was found to increase under drought stress [35] . The decreased abundance of the identified proteins involved in photosynthesis in Starozagorski and their mixed abundance profiles in Tiber indicate that drought negatively affects the key proteins of the photosynthetic apparatus and, to a greater extent, those in Starozagorski. Earlier results of the influence of drought on gene expression in P. vulgaris [5] indicate that photosynthesis is inhibited later in Tiber than in Starozagorski. The fact that some of the identified proteins show opposite changes in abundance profiles for Tiber and Starozagorski is worthy of further investigation. Such studies should include direct proteomic analysis of the two cultivars and thus take into account possible differences in the abundance of proteins, since the levels of specific proteins may differ between cultivars.
Energy metabolism proteins
Plants also respond to stress conditions by triggering a network of events linked to energy metabolism. As expected, energy metabolism is affected by drought in both cultivars. Plastidic and cytoplasmic aldolase were identified in each cultivar. In the study of Nicotiana species, Yamada et al. [36] showed salt induced expression of the plastidic aldolase gene AldP2, whereas expression of AldP1 was decreased. In the analysis of cultivar Starozagorski, the levels of two other proteins involved in glycolysis, glyceraldehyde-3-phosphate dehydrogenase and glucose-6-phosphate 1-epimerase, were shown to change during stress. In Tiber, enolase increased in abundance. The greater abundance of enzymes such as triosephosphate isomerase, glyceraldehyde 3-phosphate dehydrogenase and enolase could be related to the need of cells for extra energy in order to deal with stress and repair damage. Furthermore, an increase in abundance of malate dehydrogenase was observed in both cultivars. Malate dehydrogenase is a component of the TCA cycle, an important source of energy for the cell. Further to energy metabolism, transketolase and ribulose phosphate 3-epimerase were decreased in abundance under drought in both cultivars. These enzymes catalyze reactions of the Calvin cycle and pentose phosphate pathway, thus influencing plant productivity under drought stress. Datko et al. [37] suggested that the downregulation of transketolase in heat stressed leaves of barley may induce inhibition of photosynthesis and metabolism of aromatic acids. In addition to the above set of proteins involved in energy metabolism, two uncharacterized proteins found in spots 700 and 707 in Tiber show strong similarity to NAD dependent epimerase/dehydratase and the unknown protein detected in spot 324 Starozagorski was similar to alcohol dehydrogenase. Both proteins are associated with carbohydrate metabolism and their levels were increased slightly under drought conditions. All the proteins described are important in metabolism. It is not surprising that proteins with different abundance profiles were identified in our study due to the wide range of proteins involved in the complex regulation and production of different metabolites within energy metabolism.
Stress response related proteins
A few of the proteins involved in defence against stress show significant changes in abundance in both cultivars. Drought stress is known to inhibit photosynthetic activity in tissues due to the imbalance between light capture and its utilization [38] . As a result, ROS, with the potential to cause cellular damage, are generated. Plants have evolved protective mechanisms to eliminate or reduce ROS levels. These protective mechanisms include the activity of antioxidative enzymes. Not surprisingly, enzymes involved in the oxidative stress response were also identified in our study. All the identified proteins related to ROS scavenging, defence and stress showed higher abundance under drought in Tiber and Starozagorski, where only quinone oxidoreductase-like protein and thioredoxin had reduced abundance. Superoxide dismutase is very efficient at scavenging superoxide radicals by converting them to molecular oxygen and hydrogen peroxide. The latter is then reduced to water by peroxidase. Ascorbate peroxidase is well known to play an essential role in scavenging ROS, with ascorbate serving as the electron donor [39] . In addition to ascorbate peroxidase, a peroxiredoxin also catalyzes the detoxification of H 2 O 2 and other peroxides. Peroxiredoxins are localized in different cellular compartments [40] , but in this study only mitochondrial peroxiredoxins were found through BLASTP searching of unknown proteins. Another important antioxidant enzyme identified in our study is thioredoxin. It maintains the thiol redox balance through involvement in the redox regulation cycle and has a role in the regeneration of oxidized peroxiredoxin to the active, reduced form [39] . It showed slightly higher abundance in Tiber, but a homologue of the hypothetical protein identified in spot 836 in Starozagorski was found to be thioredoxin M4, which had reduced abundance under drought. Another enzyme with a highlighted role under various stress conditions was identified as glutathione S transferase (GST). GST catalyses the conjugation of glutathione with a wide variety of hydrophobic and electrophilic compounds to form non-toxic peptide derivates [41] . Upregulation of GSTs has been associated with the response of wheat to drought [42] and of rice subjected to osmotic stress [43] . Besides excessive production of ROS in stressed plants, there is also an increased accumulation of cytotoxic methylglyoxal which is regulated through the glyoxalase system. The glyoxalase system consists of two enzymes; glyoxalase I, or lactoylglutathione lyase, and glyoxalase II or hydroxacylglutathione hydrolase [44] . These enzymes act coordinately to convert methylglyoxal and other 2-oxoaldehydes to their 2-hydroxyacids using glutathione as a cofactor. A formate dehydrogenase, with increased abundance during stress in both cultivars, was identified. It is an NADdependent enzyme that catalyzes the oxidation of formate to CO 2 . Formate is one of the stress signals in plants, thus formate dehydrogenase contributes to a detoxification process in plants under stress [45] . Two proteins, one belonging to the dehydrins and the other to heat shock proteins, were more abundant under drought conditions only in Starozagorski. The same proteins were not identified in Tiber although they are well known stress related proteins in plants. Dehydrins form a complex group of different proteins. It could be that dehydrins, whose accumulation was observed in Starozagorski, are not present or are modified in Tiber. The accumulation of dehydrin transcript was associated with a tolerance mechanism in the study of drought stressed sunflower [46] , while three genes coding for dehydrin-like proteins were downregulated in common bean under chilling stress [47] . Heat shock proteins (HSP) have been induced under various stress conditions [48] . Hajheidari et al. [24] reported the induction of two small HSP under drought stress in sugar beet and strong induction of a small HSP is documented in the study of Vaseva et al. [18] . Another protein showing contrasting abundance between cultivars was identified as quinone oxidoreductase-like protein. The importance of this enzyme in defence against oxidative stress caused by salt stress was shown in the study of Nohzadeh Malakshah et al. [49] . Notably, Sobhanian et al. [50] reported downregulation of quinone oxidoreductase, but its function is probably not related to soybean salt tolerance. However, based on the contrasting abundance of this protein between cultivars it is not possible to speculate on its role in drought tolerance in common bean.
Proteins involved in ATP interconversion
Nucleoside diphosphate kinase (NDPK) and ATP synthase were found to change significantly in abundance under drought stress in both cultivars. NDPK has a housekeeping role to maintain the balance between cellular ATP and other NTPs. Its differential expression occurs in response to heat [51] , oxidative [52] , cold [53] , salt [54, 55] and drought [24, 56] stresses. In our study, it was more abundant under drought, which could associate NDPK with a general stress response mechanism. ATP synthase CF1 alpha subunit was reduced in abundance during stress in both cultivars, while the ATPase subunit 1 from mitochondria was increased in Starozagorski. ATP synthase is related to energy metabolism through synthesis of ATP which is further utilized in the reactions of photosynthesis. Thus, the decrease in abundance during stress is in accordance with the reduced photosynthesis during drought and decreased consumption of ATP [38] . Similarly, in drought stress, the transport of protons into the vacuole with vacuolar H+ ATPase may be slowed down due to the reduced energy metabolism. The different abundance patterns could be associated with the difference between ATP synthase from chloroplasts and that from mitochondria, and with their environments, which could be connected to the different responses of photosynthesis and respiration to stress [57] .
Proteins related to synthesis, folding and proteolysis
Proteins involved in protein synthesis, such as glutamine synthetase, ribosomal proteins, cysteine synthetase and acetohydroxyacid synthase were increased in abundance under drought. Glutamine synthetase is essential for ammonium assimilation and the biosynthesis of glutamine, and cysteine synthase is the key enzyme in the synthesis of cysteine, which is required for biosynthesis of glutathione, a major factor in plant stress defence [58] . Acetohydroxyacid synthase catalyzes the first reaction in the synthesis of the branched-chain amino acids such as valine, leucine and isoleucine [59] . Under drought, together with the ribosomal proteins, they contribute to the synthesis of stress-defence proteins and other proteins as a strategy of cells to cope with stress. Proteolysis-related proteins, which are necessary for maintaining cellular protein homeostasis, were also more abundant in stressed samples. This group includes cysteine proteinase precursors and beta and alpha type proteasome subunits. Proteins damaged by cell stress are degraded by proteasomes and proteolytic enzymes [60] . In our study, a protein involved in refolding misfolded proteins was identified as a 20 kDa chaperonin. In general, chaperones and chaperonins play a crucial role in protecting plants against stress by establishing normal protein conformations for cell function [48] . Another protein involved in protein folding is peptidyl-prolyl cistrans isomerase or cyclophilin. In our study it had higher abundance in Tiber and reduced abundance in Starozagorski. Similar behaviour in abundance profile was observed in the study of peptidyl-prolyl cis-trans isomerase activity in two contrasting cultivars of sorghum under drought [61] . The authors suggested that this effect can be connected to different regulatory pathways in those cultivars.
Other protein groups
In addition to the functional categories described above, three important proteins identified in Starozagorski are classified under the group of secondary metabolism and signal transduction pathways. 1-deoxy-D-xylulose 5phosphate reductoisomerase and the protein in spot 669, homologous to 2-C-methyl-D-erythritol 2,4cyclodiphosphate synthase, are both involved in the 2-C-methyl-D-erythritol-4-phosphate pathway of isoprenoid biosynthesis [62] . Isoprenoid compounds are involved in the response to different stress conditions [63, 64] . They have diverse roles under environmental stress, including antioxidative functions and protection of membranes and photosynthetic apparatus against scavenging ROS. Since proteins involved in isoprenoid synthesis were identified only in Starozagorski, it is not clear whether this implies a relationship between isoprenoid biosynthesis and drought tolerance, as well as changed expression of isoprenoid biosynthesis. Additionally, an increase in abundance of annexin-like protein, which is involved in signalling pathways, was observed. Again, increased abundance of the protein was observed only in Starozagorski. The connection of certain annexins with plant tolerance to salt and drought stresses has been reported. In the proteome analysis of soybean hypocotyl, Sobhanian et al. [50] reported the upregulation of annexin, which indicates its important role in salt tolerance. Similarly, Konopka-Postupolska et al. [65] investigated the relationship between annexin and drought tolerance in Arabidopsis thaliana. Since our results do not fit well with the general concept that increased abundance of annexin proteins may contribute to more drought tolerant plants, further work is needed to clarify this point.
Conclusion
Our study has revealed that the levels of a number of proteins involved in various cellular pathways are affected during drought stress in common bean. Proteins that exhibited changes in abundance during drought in Tiber and Starozagorski cultivars were identified. These proteins are involved in known mechanisms associated with the general stress response in plants and the results provide new details of their involvement in drought stress in common bean. Our conclusions about the tolerance mechanisms to drought are based on the results of water deficit on the leaf proteome rather than on differences between cultivars. The results nevertheless suggest that certain identified proteins could be used as markers in the selection process for drought tolerance in common bean. Of those proteins showing contrasting abundance patterns between cultivars, the most outstanding are the oxygen evolving enhancer proteins, OEE1 and OEE2, and proteins that were identified in either of the two cultivars could be candidates. This needs to be confirmed by a proteomic comparison of the two cultivars, which will be the aim of our further study. This research provided the basic insight needed to further investigate the molecular regulatory mechanism of drought response in common bean. Spots of interest were identified by LC/MS-MS as described under Material and methods. a Protein spot refers to the numbered spots in Fig. 3 . . Plants were harvested on days 12 and 17 after the beginning of withholding water. S1, S2, S3 and S4 represent the stressed plants corresponding to the 4 biological replicates. C1, C2, C3 and C4 refer to control plants, representing 4 biological replicates. Clustering of droughtstressed and control samples is evident. One sample from Tiber and the corresponding control sample were excluded from the analysis. The size of the node is related to the number of proteins and the colour represents the p-value for the statistical significance of the overrepresented GO term. For Starozagorski, a similar hierarchy of GO categories with the addition of pathways for secondary metabolism was obtained ( Supplementary Fig. 1 ).
